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28
Hydropeaking in regulated rivers is predicted to be more frequent in the near future given the 29 increasing demand for renewable energy in Europe. Norway, through its hydropower systems, 30 has >50% of the total European water storage potential with possibilities for increase 31 (Catrinu-Renström and Knudsen, 2011), providing opportunties for balancing the energy load 32 with other renewables such as wind power. Load balancing using hydropower implies more 33 frequent fluctuations of water levels in rivers due to hydropeaking operations. 34 Atlantic salmon (Salmo salar) spawns typically in the autumn by depositing their eggs in 35 redds in the river bed gravels (de Gaudemar et al., 2000 , Mills, 1989 . The most restrictive 36 niche of all Atlantic salmon life stages is egg and embryo development, which occurs during 37 winter Therrien, 1998) . Although survival rates of embryo 38 and alevins in natural conditions can be very high (Elliott, 1984) . 44 River regulation may reduce the amount and quality of suitable spawning habitat, which is a 45 prime necessity for recruitment and population sustainability. In particular, the dewatering of 46 salmonid redds is of great concern for water resource management in regulated rivers 47 (Malcolm et al., 2012) . If spawning occurs during high flows, nest sites may be dewatered as 49 or when water levels are not maintained (Bauersfeld, 1978; Skoglund et al., 2012) . Eggs of 50 fall-spawners can freeze and die in cold areas during low flow periods in late winter under 51 natural conditions, in regulated rivers with large annual variations, or in rivers subject to 52 hydropeaking if flow is reduced after spawning (Skoglund et al., 2012) . The extent of egg 53 mortality due to freezing in regulated rivers can be influenced by subsurface water inputs in 54 the catchment (Saltveit and Brabrand, 2013) , but the exposure to dry and frost conditions will With detailed investigations of small-scale physical and biological processes, and a good 66 understanding of the links with processes operating at larger scales, it is possible to reflect 67 how management decisions at larger scales can affect such small-scale processes. In order to 68 transfer the information from small to large scales, spatial upscaling methods are needed, to 69 overcome the validity problems that micro-scale habitat analysis might carry (Borsányi, 70 2005). ecology have been studied in recent years (Maddock, 1999 , Padmore, 1998 2006). Several studies have proven relevant links between physical habitat and ecology at the 78 meso-scale (Kemp et al., 1999 , Moir and Pasternack, 2008 , Padmore, 1997 2007), suggesting the meso-scale to be an adequate dimension to study relevant ecological 80 processes and a feasible scale for river management decisions (Newson and Newson, 2000) . 81 The challenges rely on integrating different scales as a first step to link research findings with 82 hydropower operation alternatives at the catchment scale for hydropeaking environmental 83 impact assessment. A decision support tool that is able to evaluate ecological needs and to 84 calculate power production in different peaking scenarios is needed for large-scale 85 management decisions. By linking the findings at the micro-scale with meso and macro-scale 86 processes, the resulting system should be a tool to assess the cost of production while also 
Materials and methods
108
Study site 109 The Lundesokna hydropower system in central Norway (Figure 1) 2) to an alternated or flexible minimum bypass release or production conditional to air 165 temperature (options 3 and 4). All options are illustrated in Figure 2 and summarized in Table   166 1.
167
Critical periods were first identified from available data for the hydrological years 
182
An assessment on whether the hydropower system was able to handle the additional volume 183 of water needed for each of the options was carried out by using the nMAG hydropower 184 simulation program (Killingveit & Saelthun, 1995) . A model of the river Lundesokna 185 hydropower production system was established. It involved a total of 11 modules consisting 186 of the described reservoirs, power plants, interbasin transfers and control points (Figure 3 ).
187
The simulation used a reservoir guide curve for all reservoirs assuming they start at 70% of 188 the volume on 1 January, emptied on 1 May, filled up again to 90% on 1 July and kept at that simulated years is illustrated in Figure 6 for each of the bypass and production options. 2.2, with a permanent or partially permanent production, were the options with a higher 274 proportion of additional hours to be released (44.4% and 21.4% on average respectively).
275
Options 4.2.1 to 4.3.2, with an alternative bypass or production of 1 hour every 6 hours, were 276 the options with the lowest additional production hours, ranging from 10% to 1% additional 277 production hours (see also Table 3 ).
278
Economics
279
Revenue from additional production and costs from additional starts in the hydropower plant Alternative production options accounted for some revenue due to the additional production. comparison of the potential loss of water volume that could had been sold at higher prices.
357
This also indicates how the variability of the power prices is a main driver in deciding when 358 and how much to produce and how it influences the calculation of the costs in the present 359 study. 
